Abstract-In this paper, a multichannel form of the two-dimensional delta-domain lattice filter has been designed. Motivated by the success of two-dimensional delta-domain lattice filters, deltadomain concepts are generalized to multichannel case. By a good choice of the transformation matrix that relates the q-domain and delta-domain filters, the channels can be handled independently which makes the algorithm simple and attractive, however it is capable of handling multichannel problems even if the noise is correlated between channels resulting in extremely low SNR values. The proposed algorithm provides the ability of handling multichannel image frames and colored images in the so-called delta-domain that is known to be always better than the traditional q-domain in handling ill-conditioned problems. On-line image frames carrying Gaussian and multiplicative noise simultaneously on different channels, as well as color images are taken into consideration and successful results are obtained in terms of noise removal.
I. INTRODUCTION
For the last 15 years, multichannel adaptive signal processing has been an extensive research area. Many different methodologies and techniques like block-type multichannel schemes or scalar-only operations schemes have been used, and many different concepts like multidimensional signal processing, least-squares (LS) type algorithms have been combined with multichannel applications. The application areas for multichannel adaptive algorithms are wide and diverse, and the following are just a few examples to indicate: Synthetic aperture radar (SAR) imaging, color image processing, multichannel equalization, multidimensional (NLMS) algorithm has been developed by Youlal et.al. [11] The four-field, three-parameter lattice structure has been applied to 2-D AR modelling [10] , and to image restoration and noise cancellation in images in the form of joint process estimator [11, 13] .
In this paper, many concepts like multichannel algorithms, 2-D lattice filter structure, the delta-domain (DD) operator are combined to develop the proposed structure. A short review of 2-D lattice filters is given; however, it is not the scope of the paper to give detailed background about 2-D lattice filter structure and DD operator; interested readers may always refer to [10, 14] in order to get the fundamental ideas behind those concepts. The work presented in this paper can also be viewed as a multichannel extension of the new 2-D lattice filter structure developed in [12, 13] , which is a transformation of the approach given in [10] into the DD. For ill-conditioned problems, conditioning of a transformed information matrix in the DD is always better than that of the original information matrix in the q-domain [15] . By a good choice of the transformation matrix that relates the q-domain and DD filters, the channels can be handled independently which makes the proposed algorithm attractive. The multichannel delta-domain 2-D lattice filter (MDDLF) structure developed in this paper is tested on image frames that are degraded either by Gaussian or multiplicative noise as well as colored images and successful results are obtained in terms of noise removal.
The paper is organized as follows: in Section II, a nomenclature is given which provides a listing of notations used throughout the design procedure of the MDDLF structure, and hence useful information for the reader is included. In Section III, a short review of the 2-D lattice filter is given and in Section IV, the complete design of the proposed algorithm is presented. In Section V, the simulation results are provided to confirm the performance of the algorithm. Finally, Section VI contains conclusions about the algorithm. 
II. NOMENCLATURE

III. BACKGROUND MATERIAL ON 2-D LATTICE FILTER
The 2-D lattice structure [10] generates four prediction error fields, which can be represented by the following recursive input/output equation: 
The initialization is as follows:
e n n e n n e n n e n n u n n represents the input data field.
By minimizing the mean square value of the prediction error fields with respect to the reflection coefficients, the following normal equations at each stage can be derived [10] : 
where the augmented matrix for the forward prediction error filter is defined as follows:
The first stage coefficient matrix for the forward prediction error filter is defined as 
The coefficient matrices related to the backward prediction error filters, namely,
(1) 10 [10] .
In the q-domain lattice filter structure described above, the filter is designed using the z -1 delay operator. In that case, if the data are ill conditioned, some instability problems may be encountered. To alleviate those problems, recently, 2-D delta-domain lattice filter (DDLF) has been introduced [12] . The objective in the DDLF structure is to use delta operators and calculate the autocorrelation and crosscorrelation values in the DD to overcome the problems due to illconditioned data. These ideas will be extended to multichannel case in the next section.
IV. MULTICHANNEL 2-D DELTA-DOMAIN LATTICE FILTER
The MDDLF uses the transform domain concepts of DDLF developed in [12, 13] .
Throughout the paper, the design will be done for a general MDDLF having 
Thus data that correspond to each channel can be represented in terms of a matrix in the form of Eq. (4.1) and such matrices will be ordered one after the other. For a C-channel situation, there will be C such matrices. The 2-D input of each channel can be viewed as a plane in the spatial space (n 1 ,n 2 ). This representation is consistent with the representation of discrete multichannel 2-D signal used in [2] . To represent the input data of channel c in the DD, δ b -transformation will take place [12, 13] . The backward delta operators, δ b 1 and δ b 2 , in z 1 -and z 2 -directions, respectively, are defined as follows:
Transformed version of the input data matrix for channel c is given as follows: 
Here, After applying a lexicographic mapping, the relation between matrices z and u will be expressed as follows: 
This is one possible choice of the transformation matrix and it is preferred for its simple form. With this choice of the transformation matrix, the channels can be handled independently and this makes the algorithm attractive both from implementation and computational complexity points of view. 
, and P kl and P ij denote the corresponding Pascal triangle coefficients. P 00 is the coefficient (i.e. 1) at the top of the triangle. However, there is also a shifting property as follows: The lines for the elements of the first channel are the same as explained above, but there are C-1 zeros between the non-zero elements of the first channel. These lines are repeated for the remaining C-1 channels, and the line corresponding to channel c will be shifted by c-1 zeros on the left. To obtain the transformation matrix of the multichannel case, transformation matrix shall be formed assuming a single channel case as handled exactly in [12, 13] , and then the shifting property shall be applied to the elements of that matrix.
The minimum mean-squared solution of the prediction error fields in the DD has to be found as the objective in this design procedure is to compute the reflection coefficients of the MDDLF. The normal equations will again be given as follows: The crosscorrelation matrix, ) ( m P , related to the m-th stage is given as follows: 
The following relation is the generalized form of the relation known for single channel [12] : Referring to the autocorrelation and crosscorrelation matrices at the initial stage, the following forms will be obtained: The matrix inversion can easily be calculated taking into account the null block matrices.
V. SIMULATIONS AND RESULTS
The MDDLF of which the design procedure has been given in the previous section, is implemented in the form of an adaptive joint process estimator for noise cancelling purposes as shown in Fig. 1 . The 2-D joint process lattice used for each channel is the same structure used in [11] [12] [13] . However, the joint process estimator is also modified to handle multichannel data during the simulations. In this structure, there is a primary input field and a reference input field that is connected to the 2-D lattice structure. The main principle is that the 2-D joint process estimator generates an estimate of the degradation noise based on the filtered version of the reference field. The reflection coefficients of the MDDLF are computed using the algorithm given in Table I . The coefficients of the joint process estimator; namely ) (m ij c g 's are computed using the NLMS algorithm given in [11] . This structure is applied to several image sequences or image frames degraded by either additive white Gaussian noise (AWGN) or multiplicative noise of different variances as well as color images degraded by AWGN. Satisfactory results are obtained even under low signal-to-noise (SNR) conditions. done on computer. For the purpose of comparison, the 2-D adaptive lattice noise canceller (TDALNC) presented by Youlal et.al. [11] is implemented. In order to have a fair comparison, TDALNC structure that utilizes the conventional q-domain lattice filter [11] has also been modified and realized as a multichannel structure. The coefficients of the TDALNC structure have been updated using NLMS algorithm. The order of the MDDLF and the TDALNC are taken as 1 in all experiments. The first three of the four experiments are performed on image frames of 4 channels where as the fourth one is performed on a color image. In all experiments, the scaling factors related to the MDDLF algorithm are found by trial and error. and 10, respectively. The experiment is performed using a first order structures for each channel. All scaling factors for the MDDLF structure are chosen to be equal to 0.0005. The results are summarized in Table IV . , and the SNR will be boosted. 
